Abstract-This letter presents an ON-OFF-keying visiblelight-communication (VLC) link realized over 6-m distance. The transmitter is implemented with a commercially available red LED source at 650 nm. While most of the reported high-performance VLC links are using p-insulator-n photodetectors, this receiver employs a simple CMOS-compatible p-n photo-detector. A 150-Mb/s optical wireless transmission is measured with a bit-error rate of 1.3 × 10 −6 , which falls below the forward error correction limit of 3.8 × 10 −3 . The secondorder L-C-R equalization is used in both the transmitter and the receiver circuits to achieve maximum bandwidth extension. The VLC link is realized with a low illuminance of 250 lux. This power is below the common indoor illumination levels which enables advanced lighting-compatible VLC applications. The receiver and the source circuits consume around 240 and 105 mW, respectively, which represents to our knowledge a record energy-per-bit level of 2.3 nJ/b. Index Terms-Optical receiver, receiver array, optical wireless, free-space optical, visible light communication, VLC, imaging, laser diode, integrated photodetector.
I. INTRODUCTION
T HE capacity of modulating light-emitting-diodes (LED) in addition to their lighting control characteristics promise superior and economical light usage for both indoor and outdoor environments [1] . Light sources can provide additional applications beyond the usual illumination function and offer light waves, or the visible spectrum as a communication medium for multiple coexisting applications. With the congestion of the radio spectrum utilized by WLAN indoor communication and high definition video streaming applications ( Fig. 1) . OOK VLC systems typically have lower data rates compared to Orthogonal Frequency Division Multiplexing (OFDM)/linear-modulation systems, which are able to reach Gb/s-range at the cost of higher implementation complexity [2] . The majority of reported OOK VLC links use RC-based source pre-equalization to compensate for the LED bandwidth limitation, which is usually below few tens of MHz. Additionally, receiver post-equalization is also added to further extend the link bandwidth [3] - [9] . The majority of OOK VLC systems employ commercial-off-the-shelf (COTS) PIN photodetectors [3] - [6] , which have a lower junction capacitance and a higher bandwidth than lower cost and lower speed standard PN photodiodes (PD). A superior performance can thus be expected with PIN light sensors given that less equalization is needed with only one dominant pole introduced by the communicating light source (LED). A PN PD would present at least an additional frequency pole and thus requires more sophisticated equalization. However, such transition from PIN to PN PDs is an essential step towards the full integration of VLC systems (source and detector) in a standard, lower cost fabrication technology such as Complementary Metal Oxide Semiconductor (CMOS) to enjoy further scaling according to Moore's law and the added intelligence of digital control with sophisticated modulation techniques similar to existing RF wireless systems and future mm-wave communications.
Fujimoto et al. reported a capacitively degenerated emittercoupled logic (ECL) driver with dual binary source coding and a PIN PD with post-equalization communicating at 614 Mb/s over 45 cm [3] . In [4] and [5] , dual-stage capacitive emitter degeneration pre-emphasis is used with PIN PD to achieve 1041-1135 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. 480 Mb/s and 310 Mb/s, at 1.6 m and 2.2 m, respectively. In [6] , a parallel Schottky-diode equalization is applied to a resonant-cavity (RC) LED with a PIN receiver to reach 330 Mb/s at 11 m. Note that reported PN VLC works using either LED pre-equalization matching techniques [7] , [8] or post-equalization [9] have to date either reported speeds in the 10s of Mbps or low communication distances. In this letter, we investigate the use of bandwidthlimited PN photodiode for high-speed meter-scale VLC indoor applications. We present a 150 Mb/s OOK VLC link measured over 6 meters distance with a bit-error-rate (BER) of 1.3×10 −6 (VLC FEC requirement is 3.8×10 −3 [4] ). The receiver employs a simple PN PD fabricated in a standard CMOS-compatible technology, in contrast to the best reported OOK VLC works that use mostly off-the-shelf PIN PDs [3] - [6] . Second-order LCR equalization networks are employed in both the receiver and the source driver to provide the needed bandwidth extension without consuming additional dc power. The used pre-and post-equalization enabled a total bandwidth extension from 15-20 MHz to around 60 MHz.
II. RECEIVER DESIGN
A single-ended schematic of the receiver is shown in Fig. 2a , with the die micrograph of the PN PD in Fig. 2b and the packaging of the VLC receiver in Fig. 2c . The PD's NWell terminal is dc-coupled to the TIA (AD8015, 3 pA/ √ Hz input current noise, 80 dB gain, 240 MHz bandwidth). A dual 95-MHz cut-off frequency low-pass-filter (SXLP-95+ from Mini-Circuits) is used to filter the out-of-band noise. The signal is driven towards a variable-gain-amplifier (VGA) (LMH6503, 100-dB gain control range, 135 MHz bandwidth) where a first RC-equalization is applied. The last amplifier stage (LMH6624 from TI, 1.5 GHz unity-gain bandwidth) provides a dc voltage gain of ∼ 40 while driving a 50-output load. A resistive-inductive (RL) based equalization is added to the last amplification stage to further extend the receiver bandwidth. Assuming ideal operational-amplifiers, the added equalization over the two last amplifier stages can be expressed as
Where R 1 = R 2 = 750 are the VGA (LMH6503) resistors, R 3 = 2.4 , R 4 = 100 are the final amplifier (LMH6624) resistors, C = 27 pF and L = 400 nH are the added equalization components around the VGA and the last amplifier, respectively. The transfer function in (1) has a secondorder notch response with a natural frequency (ω n ) and a quality-factor (Q) of
With,
The condition for best equalization requires having a magnitude increase in the frequency range where the dominant pole exists, i.e. around 20 MHz due to the PD 3-dB cut-off frequency. The quality factor should be chosen to damp the frequency-reject behavior. Low Q values can lead to overcompensation, extra-peaking and potential oscillation at low frequencies and need to be avoided. The optimum Q-value, according to Fig. 3 , should be set around 0.4 to get optimal frequency compensation. Using (3), the receiver component values were set to achieve a natural frequency F n = ω n /2π = 17.7 MHz and a quality-factor Q = 0.37. To improve the common mode noise rejection, the internal DC-supply at +5 V is provided by a low dropout (LDO) regulator. AC-coupling is applied between the successive receiver blocks to avoid saturation problems due to DC-offsets. The entire receiver consumes 48 mA.
The receiver (Rx) employs a 1 mm × 1 mm size NWell/Psub photodiode (PD) (shown in Fig. 2b ) is fabricated at the Center for High Technology Materials (CHTM), University of New Mexico (UNM), in a standard CMOS-compatible process. A PD responsivity of 0.16 A/W to 0.37 A/W from 400 nm to 700 nm wavelength is simulated using MEDICI. The bandwidth is also simulated to be around 20 MHz at 15 V reverse bias voltage. To avoid the mechanical constraints of having the lens on the same PCB side as the receiver, the PD is placed on the back side of the printed circuit board (PCB) as shown in Fig. 2c . The PD is separated from the PCB substrate with an insulator layer to allow negative voltage bias of the anode (Psub contact). The PD cathode is wire-bonded to a package pin and directly connected with a through-via to the receiver's transimpedance amplifier (TIA) input to minimize the connection parasitics. The PD is biased at −20 V to maximize the responsivity and the bandwidth.
III. TRANSMITTER DESIGN
The transmitter (Tx) (Fig. 4a ) employs a single current driver stage built with a 26-GHz bandwidth p-HEMT transistor (VMMK-1225 from Avago Technologies). The used LED is a 650-nm red LED (IF-E99B from Industrial Fiber Optics). The stated bandwidth in the LED specification is 70-MHz; however, our characterization with a 50-MHz Thorlabs PD gave around 30 to 35 MHz 3-dB cut-off frequency. The 2 nd -order equalization is basically implemented with a 33 pF series capacitor and a 180 nH parallel inductor (Fig. 4a) . The equalization transfer function can be expressed as
With, α = LCR 1 , β = L+CR 1 R 2 , R 1 = 50 , R 2 = 39 , L = 180 nH and C = 33 pF (driver components shown in Fig. 4a) .
Equation (4) shows a zero and a resonance frequency. However, with the right damping coefficients they can be both attenuated to avoid any potential oscillatory behavior. The resulting magnitude increase with frequency from DC to around 100 MHz is shown in Fig. 4b . The −7 dB attenuation at low frequencies can be compensated with a larger input voltage swing. The gate bias (V G ) is set between 0.7 V to 0.9 V. The driver consumes less than 35 mA with a modulated input signal. It is worth noting that the LCR equalization presented here can be extended to any transmitter-receiver combination, provided that the system frequency poles are accurately captured and appropriately compensated.
IV. MEASUREMENT RESULTS
The optical testing setup is shown in Figures 5 and 6a , respectively. A 2 31 -1 PRBS signal with 1.8 Vpp swing is applied from Keysight N4902B BERT to the red-LED driver input (Fig. 6b) . The LED light is applied to a Thorlabs aspheric lens ACL5040U-A (5 cm diameter and 4 cm focal length). The lens use is essential since it creates an almost constantdiameter beam (∼1.5 cm diameter) from the source to the receiver. With a measured 250 lux link illuminance or its equivalent of 400 μW optical power, the transmitted red light is indiscernible from the ambient room white light. The LED light remains "invisible" even in the complete dark when the room light is turned off. On the receiver side (Fig. 6c) , a Fresnel lens FRP232 (5 cm diameter, 3.2 cm focal length) is used to focus the light beam over the photo-detector of 1 mm × 1 mm size. The output eye-diagram is measured with an Agilent Infiniium oscilloscope DCA-J 86100C while the BER measurement is performed using the Keysight BERT N4902B. Measured normalized transfer function for the complete link (Rx + Tx) illustrating the implemented LCR equalization effect in both the receiver and the source on the link bandwidth extension. The equalization effect on the link bandwidth extension is illustrated through the normalized AC-response in Fig. 7 . The Rx equalization provides the highest improvement by correcting primarily for the PD bandwidth limitation. Fig. 8 shows the eye-diagram at 150 Mb/s bit-rate. The BER is measured at 1.3×10 −6 falling below the FEC requirement of 3.8×10 −3 [4] . Table I shows a comparison between this work and recently reported OOK VLC links using either PIN or PN PDs. The comparison employs a figure-of-merit (FOM) based on commonly reported parameters in recent publications. While any FOM definition can have different interpretations depending on the used VLC technology, the definition can still evolve as the technology matures and more parameters get reported by individual authors. For example, the DC power consumption figures are only reported in [4] and [5] with an equivalent energy-per-bit of 2.89 nJ/bit (pre-emphasis circuit only) and 19.58 nJ/bit (source only), respectively. This work presents a total DC power consumption of 345 mW and, to our knowledge, a record energy-per-bit of 2.3 nJ/bit over all reported OOK VLC links to date. In this letter, a 150 Mb/s VLC link over 6 meters with a VLC-compliant BER of 1.3×10 −6 is presented. The link is realized with a PN photodiode and a commercially available red LED. The efficiency of the proposed second-order LCR equalization on the link bandwidth extension is demonstrated with a low intrinsic bandwidth PN PD. The use of PN PD in standard CMOS compatible process with the appropriate equalization in both the transmitter and receiver paves the way for the complete integration of VLC transceivers in a low cost fabrication technology, promising small form factor, energy efficient VLC systems for indoor applications.
